An energy-saving water injection pump aimed at high-energy consumption and low efficiency of the traditional water injection pump in the later stages of oilfield exploitation is proposed. The hydraulic pump is used as the main power source to control the movement of the piston through the mechanical reversing valve, thereby driving the plunger to move left and right, supercharging the water in the plunger cylinder. First, the structural parameters of the energy-saving water injection pump were determined. Then, dynamic analysis of the pump parts was carried out. The finite element simulation of the piston cylinder and the plunger cylinder showed that the structural strength meets the requirements. The hydraulic system dynamic simulation showed that the output pressure can reach the predetermined pressure. Finally, a field test was carried out in the Jiangsu Oilfield. The results show that the device can meet the water injection requirements of the oilfield.
Introduction
During the production phase of oil fields, mining difficulties occurred while the production pressure dropped down with time. Therefore, it was critical to replenish the consumed pressure artificially (Nanda et al. 2011) . Through oilfield water injection, the energy of the oilfield can be recovered, the oil production will be stable, and the final recovery factor of the oil field can be improved (Mahmoud et al. 2017; Graff and Nielsen 1991; Zhang 2000) . The water injection capacity is related to the nature of the formation properties. Before water injection, the geologists and oil production experts should first calculate the daily water injection volume according to the geological conditions of the corresponding oil wells (Yu et al. 2017) . The injection pressure required by different oilfields and production zones is variable. If uniform water injection pipe-network pressure is adopted, it cannot meet the requirements of several high-pressure injection wells under the premise that most pressure requirements of injection wells are matched. If the pressure of the whole pipe network is increased, the pressure reduction equipment should be installed at the lowpressure water injection wellhead, which results in low utilization of energy (Chappell 2006; Zhang and Zuo 2007; Wang et al. 2014) . The installation of piston water injection booster pumps at the injection wellheads is one of the effective means to improve the efficiency of the water injection system (Rehman and Meribout 2012; Liu and Liao 1999; Smolyanskii et al. 1998 ). The piston water injection booster pump uses the pressure of the water injection pipe network as the suction pressure of the pump and injects water into the high-pressure well after pressurization (Ling et al.2008; Vance and Kent 2001; Liu et al. 2012) . However, the traditional booster water pump consumes a large amount of power, which greatly increases the production cost of crude oil and causes wastage of power resources (Zhou and Yuan 2003) . The energy-saving water injection pump proposed in this study was developed in view of the water injection booster device defect. The field experiment showed that the energy consumption was greatly reduced, the oil displacement effect was improved, and the recovery rate of the oil field was increased.
Overall design and working principle

Process flow
The energy-saving water injection pump is a pressureincrease device. It can further increase the water injection pressure on the high-pressure wellhead based on the pressure of the water injection main line in the water injection field. The input of the device is directly connected to the main line of water injection. Under the action of the hydraulic pump, the hydraulic oil pushes the piston to perform secondary supercharging of the water flow. Then, the pressurized highpressure water is injected into the high-pressure wellhead. The pressure of the water injection main line only needs to meet the required pressure of the low-pressure wellhead. The entire process flow is shown in Fig. 1 .
Design of whole structure
The energy-saving water injection pump is mainly divided into two parts: mechanical reversing valve and double-acting plunger pump. Figure 2 shows the overall structure. Figure 3 shows the functional scheme of the mechanical reversing valve. The valve body includes a main inlet, a main outlet, two oil feed ports, and two oil return ports. The main inlet is connected to the hydraulic pump, and the main outlet is connected to the oil tank. These two openings are the main inlet and outlet of the hydraulic oil. Two oil feed ports and two oil return ports are connected to the four ports of the piston cylinders in the double-acting plunger pump. The rotary spool is welded on the transmission shaft and is rotated by a small power motor. There are four rectangle slots on the rotary spool corresponding to two oil feed ports and two oil return ports. When the slot is aligned with its corresponding port, the port will be in a flow-through state. Through the rotation of the rotary spool, the oil feed ports and the oil return ports are alternately opened and closed, which not only completes the reversing action of the doubleacting plunger pump, but also helps the hydraulic oil flow smoothly through the valve body. This effectively prevents the liquid impact and increases the stability of its operation. Size and internal structure of the mechanical reversing valve are shown in Fig. 4 .
The functional scheme of the double-acting plunger pump is shown in Fig. 5 . The piston cylinder is in the middle of the pump, and the left and right plunger cylinders are on its sides. There are two oil feed ports and two oil return ports on the left and right side of the piston cylinder that are connected to the oil feed port and the oil return port of the mechanical reversing valve, respectively. The plunger cylinder has a water inlet and outlet. The water inlet is connected to the water injection main line, and a filter is arranged to prevent the impurities in the main line from wearing the cylinder, valves, and seals. The water outlet is connected to the high-pressure branch lines. Accumulators are installed between them to store energy and stabilize the pressure. The size and internal structure of the double-acting plunger pump are shown in Fig. 6 .
Working principle
In the energy-saving water injection pump, the booster system uses a double-acting plunger pump. The movement of the piston is divided into two strokes: left and right stroke. The switching of the stroke is controlled by the mechanical reversing valve. The right stroke is taken as an example to introduce the working principle. The water injection main line and the left and right plunger cylinders are in a one-way communication state. At the beginning of the right stroke, the hydraulic oil is pressurized by the hydraulic pump and then flows through the reversing valve, injected into the piston cylinder to push the piston from left to right, thereby driving the plunger to move synchronously. At the same time, the water in the main line flows from the inlet into the left plunger cylinder. The pressure from the main line simultaneously pushes the plunger to the right, pressurizing the water in the right plunger cylinder. Then, the highpressure water is injected into the high-pressure wellhead through the accumulator. The hydraulic oil in the right side of the piston cylinder flows back to the oil tank through the mechanical reversing valve. The direction of piston movement is controlled by the rotation of the rotary spool in the mechanical reversing valve. When the spool is rotated by 180°, the piston moves in the opposite direction, and the left stroke begins.
Calculation and simulation
Setting initial parameters
The Jiangsu Oilfield is a complex small intermittent block reservoir. Water injection is the main measure to achieve stable production in the oil field. Data from the injection wells after on-site investigation are shown in Table 1 . According to Table 1 , the daily injection flow rate of No. Sha 19-50 and No. Sha 19-51 is less than the rated injection flow rate. These two wellheads are short of injection.
The initial parameters of the energy-saving water injection pump are set according to the water injection requirements of Table 2 . Other key parameters are calculated according to these parameters.
Pressure calculation and strength check
According to Table 1 , the pressure of the water injection mainline in the field is 25 MPa , while the injection pressure of the high-pressure well is required to be pressurized to 29 MPa for normal production. The mechanical model is built according to the water injection site data, as shown in Fig. 7 .
According to the Pascal principle, the pressure applied to the stationary liquid in a closed vessel is equally transferred to every point in the liquid (Zang 2009 ), establishing the equilibrium equation as follows:
where p 0 is the oil pressure in the piston cylinder, which is the output pressure of the hydraulic pump, p 1 is the pressure
of the water injection main line, p 2 is the oil discharge pressure, p 3 is the injection pressure of the high-pressure wellhead, A 1 is the cross-sectional area of the effective face of the piston, A 2 is the cross-sectional area of the plunger, D is the diameter of the piston, d 1 is the diameter of the piston rod, and d is the diameter of the plunger. Equation 4 can be obtained by combining Eqs. 1-3.
The oil in the piston cylinder is directly discharged into the oil tank; hence, p 2 = 0 MPa . Assuming that the output pressure of the hydraulic pump is equal to its rated pressure, substituting the already set structural parameters and the onsite pressure parameters into Eq. 4, the rated pressure of the hydraulic pump is p 0 = 2.37 MPa.
To check whether the maximum stress on the plunger cylinder and the piston cylinder is within the allowable stress range under the specified pressure, ANSYS simulation is performed using static analysis and displacement calculation as algorithms, and the theoretical basis is the principle of virtual displacement and the principle of minimum potential energy. The static balance formula is as follows:
where Ω is the force area; Γ is the boundary of the surface force; u is the virtual displacement; and is the virtual strain. First, the model is built in Solidworks and is imported into ANSYS. Then, the inner surface pressure of the plunger cylinder is set as 29 MPa, the inner surface pressure of the piston cylinder as 2.37 MPa, the material as 20 Mn, and the yield strength as s = 275 MPa . Next, the material properties are set: the elastic modulus = 2.1 × 10 11 Pa and the Poisson ratio = 0.28. Finally, a fixed constraint is set on the lower surface of both the cylinders. After calculation, the equivalent stress and displacement were obtained.
As seen from Figs. 8 and 10 , the displacement is asymmetric, since the lower surface is set as a fixed constraint that restricts the deformation of the lower half of the plunger cylinder. Therefore, most of the deformation . 7 Mechanical model of the double-acting plunger pump occurs in the upper half, and the lower surface has almost no deformation. The maximum displacement of the piston cylinder occurs on the top of the inner surface, which is 0.919 × 10 −2 mm . The maximum displacement of the piston cylinder occurs on the junction of the inner surface and the end cap, which is 2 × 10 −2 mm . The deformations are both very small, and the structure of cylinders is not affected. Figures 9 and 11 are the equivalent stress diagrams. It can be seen from Fig. 9 that the surfaces located on the left and right side of the piston are the main force receiving surfaces for the piston cylinder, and most of the inner surface bears a stress of about 18.7 MPa that is uniformly distributed. The piston in contact with the cylinder develops almost no stress due to the lack of hydraulic oil. However, severe stress concentration occurs at the intersection of piston cylinder and oil ports, and the maximum stress was 56.2 MPa. Therefore, some structural optimization should be performed for this part to reduce the stress concentration when processing the prototype. It can be found from Fig. 10 that the stress on the inner surface of the plunger cylinder is more uniform than the piston cylinder, and the maximum stress is 66.6 MPa at the water inlet. Setting the safety factor n = 2.5 , then the allowable stress is as follows:
The calculated allowable stress is 110 MPa , greater than 56.2 MPa and 66.6 MPa . Thereby, the strength of both cylinders is satisfied (Fig. 11 ).
Calculation for flow and power of the hydraulic pump
The equation for calculating the daily injection amount of the high-pressure wellhead is as follows: where Q is the output flow of plunger cylinder that is equal to the rated daily injection flow rate of the high-pressure wellhead. According to Table 1 , the total daily rated flow rate of the two short-injection high-pressure wellheads is 200m 3 . The maximum volume loss efficiency is taken as 3.9% (Fan et al. 2010) . Then, the daily rated flow rate is 208.1m 3 , which is Q = 8.67m 3 ∕h . L is the stroke, and N is the number of strokes per second of the piston. Setting N = 0.5 , Q is substituted in Eq. 6 to arrive at the piston stroke of L = 0.48m . In this structure of the supercharging system, the movement state of the piston and the plunger is the same. It can be seen from Eq. 7 that when N and L are constants, the input flow of the piston cylinder Q 0 is only proportional to the effective areas, as shown in Eq. 8:
Substituting the data and calculating, Q 0 = 14.63m 3 ∕h . If the influence of leakage or other factors is not considered, the input flow of the piston cylinder and the output flow of the hydraulic pump should be equal. The equation to calculate the power of the hydraulic pump is as follows:
where P 0 is the output power of the hydraulic pump. Assuming that the total efficiency of the hydraulic pump = 89% , then the rated power of the hydraulic pump is P= 10.82 kW , when the selected rated motor is 11 kW.
Calculation of acceleration time
The movement of the piston is divided into three phases: acceleration, uniform, and deceleration. The acceleration time affects the movement time of the entire stroke. If the acceleration time is too long, the supercharging would not be completed normally and the working stability of the hydraulic cylinder would be affected.
During the acceleration phase, the piston moves under the left and right differential pressure. Equation 11 can be established in the case of ignoring relatively small friction and according to Newton's second law:
The injection pressure of the high-pressure wellhead p 3 is linear with time t:
Equation 13 is established during the movement of the piston:
where l is the displacement of the piston and a is acceleration of piston. When the piston starts to move, that is, when t = 0 , p 3 (0) = 25 MPa . Assuming when t = t 1 , the velocity reaches a uniform state, v(t 1 )= 0.46m/s , and p 3 (t 1 ) = 29 MPa . According to the size of the piston, plunger, and rod, the equivalent mass of piston and load is calculated as M= 38.01 kg . Substituting these data in Eqs. 11-13, the acceleration time is t 1 = 1.75 × 10 −3 s . The acceleration time is short, and the influence on the piston movement is negligible.
Hydraulic system dynamic simulation
After determining the structure and pressure parameters of the energy-saving water injection pump, the simulation was performed using the Amesim software. The software is based on Eqs. 14 and 15 (the cylinder flow continuity equation) and Eq. 16 (the piston motion force balance equation). The following assumptions are made for the hydraulic system when establishing the mathematical model: The effects of pressure loss, pipe characteristics, and fluid quality in the pipeline are neglected; the volumetric elastic modulus of the oil is constant; the temperature of the oil remains unchanged; and the leakage inside and outside the hydraulic cylinder is laminar (Mohebbi et al. 2017) .
where C i is the inside cylinder leakage coefficient; C e is the outside cylinder leakage coefficient; e is the equivalent bulk modulus of oil; V c is the cylinder working chamber volume; V 0 is the cylinder working chamber initial volume; M is the equivalent mass of piston and load; B p is the viscous friction coefficient of piston and load; K is the spring stiffness of load; and F L is the applied load force acting on the piston.
The required components were called in the mechanical library and hydraulic component library in the Amesim software, and the modeling of the energy-saving water injection pump was completed, as shown in Fig. 12 . In
order to simplify the model, the mechanical reversing valve was replaced by a combination of a three-position four-way reversing valve and two two-position four-way reversing valves. Then, the structure and pressure parameters for each component were set. The simulation time was set to 9 s , the simulation step to 0.1 s , and the starting time to 1 s . The output pressure curve of the plunger cylinder is shown in Fig. 13 . It can be seen from Fig. 13 that after the device starts, the plunger cylinder B first pressurizes the water flow, where the output pressure is 29.3 MPa . After running for 2 s , the reversing valve controls the piston to reverse. Then, the plunger cylinder A pressurizes the water flow for the next 2 s . The working time of the whole cycle is 4 s . The simulation results are the same as the calculation results, which prove that the output pressure of the energy-saving water injection pump can reach the predetermined pressure. The water smoothly flows in the plunger, the pressure change is not steep, and the work condition is stable.
Pressure and field tests
Indoor pressure experiment
After completing the design of the energy-saving water injection pump, the parts were processed and finally assembled according to the drawings, as shown in Fig. 14. The indoor pressure experiment was performed in order to verify the strength, tightness, and reliability of the pressure-bearing components (Grigorescu and Navas 2012; Pitzer 1964) . The energy-saving water injection pump was pressurized to 1.5 times the rated working pressure and was stabilized for 30 min to record the leakage of the device, as depicted in Fig. 15 . The result showed that the device has no leakage during the entire experiment, which proves that the structure of the device is tight, and the reliability meets the requirements. 
Test at the oil field
The energy-saving water injection pump was applied at the water injection site of Jiangsu Oilfield. The pump at the water supply station for No. Sha 19-50 and No. Sha 19-51 was installed and pressurized from 4 to 29 MPa . It was operated continuously for a week and observed for work stability. The output pressure and power consumption were recorded every day. The records are presented in Table 3 .
The data reveal that the device can meet the injection pressure and everyday water injection requirements of the two high-pressure wells and that the device is qualified for the injection task.
As illustrated in Table 3 , the average daily electric consumption of the device is 276.18 kW . Then, the electricity cost for a year will account for USD 10, 584 ( 0.105USD/kW ⋅ h ). This water injection site originally used two traditional plunger pumps to inject water into the two high-pressure wells, each with a power of 45 kW . For comparison, the daily average power consumption of the previous pump measured before installing the energy-saving pump was 2077.73 kW . Then, the total annual electricity bill was accounted for more than USD 79,624 . In comparison, the energy-saving water injection pump can greatly reduce energy consumption and save electricity costs. The injection work continued after the field test, the performance index of the device was stable, the operation was reliable, and the energy saving was remarkable.
Conclusions
(a) The energy-saving water injection pump is used for oilfield-pressurized water injection. The key technology of the device is to control the left and right stroke of the piston through the mechanical reversing valve, thereby driving the plunger to raise the pressure. The whole device is relatively simple in structure and reliable in operation. (b) The structural parameters of the energy-saving water injection pump were determined. The finite element simulation of the piston cylinder and the plunger cylinder was performed, which shows that the structural strength meets the requirements. The hydraulic system dynamic simulation shows that the output pressure meets the water injection pressure. (c) The energy-saving effect of the energy-saving water injection pump is remarkable. The injection can be realized without introducing a high-power source using only a small power motor with a 1.1 kW power to drive the mechanical directional control valve and a motor-driven hydraulic pump with a power of 11 kW . The daily electric consumption is only 276.18 kW h . Compared with the traditional electric plunger booster pump, the energy saving can reach more than 87%. (d) The field test reveals that the energy-saving water injection pump can meet the water injection requirements of the Jiangsu Oilfield. However, if it is to be promoted to a larger scale, the structural parameters of the water injection pump need to be redesigned for the corresponding oil fields to meet the requirements of various oilfield conditions.
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